The authors demonstrate, in this work, a fascinating synergism of a high surface area heterojunction between TiO 2 in the form of ordered 1D anodic nanotube layers of a high aspect ratio and ZnO coatings of different thicknesses, produced by atomic layer deposition. The ZnO coatings effectively passivate the defects within the TiO 2 nanotube walls and significantly improve their charge carrier separation. Upon the ultraviolet and visible light irradiation, with an increase of the ZnO coating thickness from 0.19 to 19 nm and an increase of the external potential from 0.4-2 V, yields up to 8-fold enhancement of the photocurrent density. This enhancement translates into extremely high incident photon to current conversion efficiency of %95%, which is among the highest values reported in the literature for TiO 2 based nanostructures. In addition, the photoactive region is expanded to a broader range close to the visible spectral region, compared to the uncoated nanotube layers. Synergistic effect arising from ZnO coated TiO 2 nanotube layers also yields an improved ethanol sensing response, almost 11-fold compared to the uncoated nanotube layers. The design of the high-area 1D heterojunction, presented here, opens pathways for the light-and gas-assisted applications in photocatalysis, water splitting, sensors, and so on.
Introduction
Self-organized anodic titanium dioxide (TiO 2 ) nanotube layers present a fascinating, highly-ordered structure which has been extensively studied for more than a decade. Such structure is obtained through a well-developed electrochemical anodization of titanium metal.
[1-4] The nanotube layers have been thoroughly investigated for their morphology, crystallinity, and other properties for different applications. [5, 6] Presently, TiO 2 nanotube layers have emerged as a promising material for photovoltaics, [7, 8] photocatalysis, [9, 10] chemical sensing, [11, 12] and biomedical applications. [13, 14] TiO 2 is an abundant, inexpensive, nontoxic, and chemically stable compound, but its major drawbacks are its low conductivity and high carrier recombination rate. Many efforts have been devoted to incorporate another material within the TiO 2 nanostructures (e.g., nanotube layers, mesoporous networks, nanorods, and nanofibers). Metal oxides nanostructures (e.g., composed of WO 3 , [15] SnO 2 , [16] CuO, [17] NiO, [18] Al 2 O 3 , [19] In 2 O 3 , [20] and ZnO [21, 22] ) turn out to be very suitable to form p-n or n-n junctions at the interface with TiO 2 to alter the band structure. Out of these, zinc oxide (ZnO) offers high electron mobility for fast charge transport and low carrier recombination rate. Apart from the differences in conductivity and carrier recombination, it is also worth mentioning that ZnO and TiO 2 have close band gap energies (3.37 and 3.0-3.2 eV, respectively). [23, 24] Since both materials complement in properties, many works have coupled ZnO and TiO 2 to form a new heterostructure, TiO 2 /ZnO [21, 22, 25, 26] or in a reverse manner, ZnO/TiO 2 structures. [27] [28] [29] The advantages of ZnO-TiO 2 heterostructures include the suitable energy level alignment between ZnO and TiO 2 , suppression of unwanted electron-hole recombination, shift in band gap energy, and hence extension of operational range in the visible spectral region. [26, 27, 30] These effects have been efficiently utilized for high photocatalytic activities such as photodegradation of organic dyes [27] [28] [29] [30] [31] [32] [33] [34] and H 2 production. [25] For example, in comparison with bare TiO 2 nanotubes, the ZnO-TiO 2 heterostructure recorded up to %6.8 times more photocatalytic H 2 production. [25] As for efficient light conversion dye-sensitized solar cells (DSSCs), few angstroms thick ZnO sheath on TiO 2 nanowires has passivated the surface defect states on TiO 2 . [22] Furthermore, ZnO coated TiO 2 nanotube layers presented 1.6 times photocurrent transient under visible light irradiation. [21] Under the shield of TiO 2 , ZnO core-TiO 2 shell structures are also more resistant to photocorrosion. [27, 30] Advantages of the TiO 2 /ZnO heterostructure can also be exploited for chemical sensing applications. As shown for brush-like ZnO-TiO 2 nanofibers, [35] TiO 2 core/ZnO shell nanorods, [36] and TiO 2 /ZnO double layer hollow fibers [37] heterostructures, an improved sensing performance can be associated with band bending due to Fermi level equilibration, reaction sites enhancement, and synergistic reactions effect. [35] [36] [37] Moreover, the sensitivity is maximized, if the sensing layer is fully depleted, that is, if the nanostructure dimension is comparable to the electron depletion layer. TiO 2 core/ZnO shell nanorods have shown enhanced sensing sensitivity up to %5 times compared to the pristine TiO 2 for ethanol detection due to enhanced adsorption and desorption of ethanol, as well as due to the surface depletion effect. [36] There are numerous approaches to integrate ZnO within TiO 2 nanostructures, such as chemical bath deposition, [25] dip-coating, [26] sputtering, [29] hydrothermal, [35] layer-by-layer assembly, [38] and atomic layer deposition (ALD). [21, 22] However, only ALD produces conformal and homogeneous deposition of a thin layer of material, with precise control of the coating thickness, according to the deposition cycles.
[39]
The peculiar characteristics are particularly helpful for the deposition of a secondary material in high aspect ratio structures, such as porous anodic alumina, and TiO 2 nanotube layers, as in this study. Very recently, a few works have shown the potential of ALD secondary material in TiO 2 nanostructures. [21, 22, 34, 36, 37, [40] [41] [42] [43] [44] [45] These include ALD ZnO loaded TiO 2 nanowires and nanotubes, both focused on the photocatalytic and photoelectrochemcial (PEC) applications. [21, 22, 34, 40] However, gas sensing application based on ALD prepared TiO 2 /ZnO heterostructure are limited. Up to now, hydrothermally grown TiO 2 nanorods with ALD ZnO shell have been applied for detection of low concentration ethanol at 150 C, [36] and ALD double-layer TiO 2 /ZnO hollow fibers for improved detection of CO gas. [37] Nevertheless, the reported well-aligned or highly ordered TiO 2 core nanostructures were in thicknesses 0.5-2.3 μm, [21, 22, 34, 36, 40] which possessed limited surface area for light induced photoactivity and efficient sensing. Thus, it is beneficial to explore uniform ZnO coatings from surface to bottom of higher aspect ratio TiO 2 nanotubes layer.
In this work, we deposited ZnO coatings of different thicknesses from 0.19 to 19 nm within %5 μm thick selforganized anodic TiO 2 nanotube layers with inner diameters %230 nm, equivalent to aspect ratio %22. The preparation of this heterostructure is illustrated in Figure 1 . We evaluated the performance of the ZnO coated TiO 2 nanotube layers from two different aspects, (i) the photocurrent generation as a function of an externally applied potential and (ii) the ethanol sensing response at low temperatures.
Results and Discussion

Morphology and Structural Properties
Self-organized TiO 2 nanotube layers with thickness of %5 μm and inner diameter %230 nm were prepared according to the well-established recipe [46] and further used for ALD coatings of ZnO. Illustrative scanning electron microscope (SEM) images of the uncoated nanotube TiO 2 layer are provided as a reference in Figure S1 (Supporting Information). Figure 2a presents the SEM image of the ZnO (19 nm) coated TiO 2 nanotube layers. The wall thickness of the blank TiO 2 nanotube layer and the thickness of ZnO ALD coating (19 nm) measured at top, middle, and bottom of the tube layers are summarized in Table S1 (Supporting Information). The coating thickness measured from SEM images of ZnO coated TiO 2 nanotube layers well agrees with the thickness separately evaluated from ellipsometric measurement carried out on identical ALD ZnO coating on Si wafer. It is evident that during the ALD process, the ZnO is deposited on any exposed surface of TiO 2 nanotube layers, and follows the tubular topography. In the magnified view in Figure 2b , the entire inner and outer walls of the tubes are uniformly covered by ZnO, visible due to different mass contrast between the two materials. The observation is supported by the scanning transmission electron microscopy-high angle annular dark field (STEM-HAADF) image in Figure 2c and its enlarged view in Figure 2d . Both images show two distinct tube walls, and the white ZnO layer completely enfolds the tubes. Similarly, homogeneous coatings were achieved within our previous works on Al 2 O 3 coatings for thermal stability and Li-ion www.advancedsciencenews.com www.aem-journal.com batteries, [41] [42] [43] TiO 2 coatings for photocatalysis, [44] and CdS coatings for solar cells, [45] respectively, within anodic TiO 2 nanotube layers. Figure 2e and f show the selected area electron diffraction (SAED) and XRD patterns of the ZnO (19 nm) coatings within TiO 2 nanotube layers, respectively. The clearly seen SAED diffraction rings reveal that both ZnO coatings and TiO 2 nanotube layers possess polycrystalline structure. Individual crystallographic planes were indicated in Figure 2e and are in complete match with the XRD pattern in Figure 2f . In accordance with our expectation, the anodic TiO 2 nanotube layers annealed at 400 C yield polycrystalline anatase structure, with (101) dominant plane in both patterns. On the other hand, the ZnO layers are readily crystallized during the ALD process (200 C) and the signature reflections are shown in both patterns as well. This observation well agrees with Rog e et al. [47] who employed similar ALD precursors and deposition conditions for ZnO layers.
Photoelectrochemical (PEC) Activity
Following the uniform deposition of ZnO coatings within TiO 2 nanotube layers, we investigated the PEC activity of this hybrid structure. Figure 3a -d shows the photocurrent densities and incident photon-to-electron conversion efficiencies (IPCE) of the blank TiO 2 nanotubes and the ZnO coated (19 nm) TiO 2 nanotube layers, recorded at different potentials against the Ag/AgCl reference electrode, that is, 0.4-2 V. For blank TiO 2 nanotube layers, the applied potential also enhances the charge separation, but the photocurrent reaches its saturation due to the depletion of the space charge layer. This is apparent from the nearly identical values in Figure 3a , and in accordance with the previous literature. [32] In other words, the space charge layer formed at applied potentials higher than 0.2 V is saturated, when the space charge layer thickness is close to the nanotube wall thickness, applied in this work. [48, 49] In contrast, for ZnO coated TiO 2 nanotube layers, a remarkable enhancement in photocurrent density and IPCE was observed with increased potentials, as illustrated in Figure 3c with a corresponding enhancement factor of %4-8. In addition, the IPCE values reached %95% at wavelengths between 350 and 375 nm, and more than 80% for 250-350 nm. These values clearly show that the applied potential effectively facilitates the separation of photogenerated electrons and holes within the ZnO coated TiO 2 nanotube layers due to the band bending effect, in addition to the charge separation within each single material. Although ZnO-TiO 2 combination among various heteronanostructures has been reported for enhanced PEC activity, in this work, the ALD ZnO coatings within TiO 2 nanotube layers promoted the photocurrent conversion efficiency close to 95%, which is among the highest reported values to the best of our knowledge. For comparison, identical ALD ZnO coatings were deposited within %5 μm TiO 2 mesoporous layers to perform the same photocurrent measurements. The 19 nm ZnO coated TiO 2 mesoporous layer achieved its highest photocurrent density at %7 μA cm
À2
, as shown in Figure S2 (Supporting Information) for reference. These values have shown strong improvement compared to the blank TiO 2 mesoporous layer, but incomparable to the ZnO coatings within the TiO 2 nanotube layers. Based on these results, we are convinced that the high photocurrent densities and IPCE values stem from the mutual contribution from the TiO 2 nanotube layer and the additional ZnO coatings.
The PEC activity was also investigated for ALD ZnO coatings with various thicknesses. The results are displayed in www.advancedsciencenews.com www.aem-journal.com Figure 3e and f, a significant increase in PEC activity can be seen with the increased ZnO coating thickness. The 0.19 and 1.9 nm ZnO coatings in this work have revealed photocurrent density improvements of %2.5-4.5 times compared to that of the blank TiO 2 nanotube layer under 2 V. Up to 50%, IPCE value in the UV range is attained already by 1 cycle addition of ZnO coating (corresponds to 0.19 nm) within the TiO 2 nanotube layers, as a result of the surface state passivation which improves the charge collection efficiency. [22] Several works reported that the highest photocurrents were obtained for TiO 2 nanostructures coated by 1-10 cycles (equivalent to sub-nm, or 2 nm thickness) of ALD ZnO coatings, and thicker coatings have shown a detrimental effect. [22, 34, 40] In contrary to these works, our results clearly indicate that the enhancement factor has raised to %7-8 for subsequent increment of ZnO layer thickness to 7.6 and 19 nm. It is also interesting to note that the IPCE of 7.6 nm ZnO is very similar to the 19 nm, which suggests that the PEC enhancement effect by ZnO coatings has approached the saturation level.
Upon irradiation, the excitation of electrons occurred in both ZnO and TiO 2 layers, indicated by the arrows in Figure 4 . The ZnO coatings (maximum thickness 19 nm) are too thin to completely shield the TiO 2 nanotube layers from absorbing the incident light, because in the UV (%340 nm) and visible (%500 nm) spectral region, the corresponding absorption depths are %500 nm and %50 μm, respectively. [50] In general, the significantly improved PEC activity of ZnO can be attributed to the TiO 2 /ZnO heterojunction structure that promotes the separation of charge carriers and increases their lifetime. [40] The schematic diagram of energy levels in Figure 4a shows the staggered band formed between ZnO and TiO 2 , in which the conduction band of ZnO is slightly higher than that of TiO 2 , with work function of ZnO (5.2-5.3 eV) also slightly higher than anatase TiO 2 (%5.1 eV). [26] When an external potential is applied to the heterostructure, the electrons from the conduction band of ZnO will be transferred to the conduction band of TiO 2 , whereas the holes in the valence band of TiO 2 will be channeled to the valence band of ZnO. [26] In the case of ZnO coated TiO 2 nanotube layers, two more aspects are needed to be considered. At first, the ultrathin coatings of ZnO passivate the surface traps of the TiO 2 nanotubes by filling the oxygen vacancy defects with an oxygen containing molecule. [22, 34] Thus, the reconstructed tube walls suppress the charge carrier recombination and efficiently convert the photons to electrons. This is in line with our previous work on ALD TiO 2 coatings within TiO 2 nanotube layers. [44] Secondly, at the electrolyte and ZnO coatings interface, the electrons are efficiently transported through the nanotube layers and then to the metallic Ti substrates present underneath. In fact, upon the UV irradiation, the depletion width is decreased as a result of increased ZnO charge carrier density. This is because oxygen is adsorbed on the surface of ZnO layer (n-type, intrinsic, with excess electrons) to form oxygen species (O 2 -), and the oxygen vacancies of ZnO are related to deep level trapping. [51] The holes are then captured by the negatively charged oxygen ions to form oxygen again. [52] The reduced depletion width and the applied potential both enable higher migration rate of electrons across the energy barrier at the interface of both oxides. As a result, higher applied voltages increasingly contributed to the generation of more photoelectrons and increased photocurrent densities (as shown in Figure 3 ).
In comparison to the photocurrent densities and IPCE for blank TiO 2 nanotube layers, the ZnO coated TiO 2 nanotube layers have a broader photoactive region, falling within the visible spectral region. It means that the optical band gap of resulting TiO 2 -ZnO heterostructure is reduced, when sufficient amount of ZnO coatings is loaded within the TiO 2 nanotube layers, in combination with an externally applied potential. Under an external potential !1.6 V (refer Figure 3c) , the original maximum photocurrent density at 360 nm for TiO 2 nanotube layers shifts to 375 nm for 19 nm thick ZnO coated nanotube layers, and the photocurrent density is tailing up to %425 nm. For lower ZnO thicknesses (below 7.6 nm, refer Figure 3e ), even though the generated photocurrent density is higher compared to the blank nanotube layers, the active region is rather narrow, and the photocurrent density peaks at 360 nm. With increasing thickness of ZnO coatings (7.6 nm and more), the photoactive region is pronouncedly expanded to 425 nm and the peak of photocurrent density is situated at 375 nm.
To investigate the peak shift and enhanced PEC response in the visible spectral region, diffuse reflectance measurement was carried out and shown in Figure 5a . With reference to the blank TiO 2 nanotube layer, red shift from %400 to %450 nm, as well as decrease in reflectance from maximum 26 to 17% were observed for increased ZnO coating thickness. The lower diffuse reflectance suggests that the adequately coated walls are smoother than the walls of the uncoated tubes, resulting in stronger light absorption over the visible spectral region. Similar effects have been achieved by ALD In 2 O 3 coated TiO 2 nanotube layers. [20] Figure 5b presents the corresponding optical band gaps evaluated from Tauc plot in combination with Kubelka-Munk function, using indirect allowed transition for anatase TiO 2 . The bandgap energy determined from the extrapolation of the linear portion of the plots to the energy axis shows that the blank TiO 2 nanotube layer possesses optical band gap energy of 3.07 eV and gradually decreases to 2.98 and 2.76 eV with added ZnO layer thicknesses 7.6 and 19 nm, respectively. A noticeable red shift of the reflectance edge in the ZnO coated layers, which occurs as a result of mixed crystals of ZnO and TiO 2 (proven by SAED and XRD measurements). The bandgap energy of any crystalline semiconductor is partially influenced by the crystallinity of a film. [53] In fact, the coated ZnO layer has good crystallinity, demonstrated by strong XRD signal for 19 nm ZnO. In addition, the difference in surface states increases the photogenerated charge separation and extends the photoexcited region to visible spectral range. This is only possible with the co-existence of ZnO, therefore the increased coatings of ZnO further extend the redshift, that is, decrease in the optical bandgap. Overall, the reflectance measurement and band gap evaluation substantiate the escalated photoactivity in Figure 3 for the ZnOTiO 2 heterostructure, particularly the 19 nm thick ZnO.
Ethanol Sensing Response
As extensive research in the literature has been focused on the role of ZnO in light-driven applications, it is also interesting to investigate the possibility to apply the ZnO-TiO 2 heterostructure in gas sensing, which is another crucial application for metal oxides semiconductor. Figure 6 presents the sensing response and recovery given by the ratio of the initial electrical resistance in air to the electrical resistance when ethanol vapor was applied, R O /R g as a function of time, towards 1930 ppm ethanol tested at 100 and 200 C. When ethanol vapor was introduced into the test chamber, a change in resistance was observed for all samples. A decrease in resistance upon exposure to ethanol indicates that the presented ZnO-TiO 2 heterostructure adopts the n-type semiconductor behavior of their individual constituents. When the ethanol was removed from the chamber by purging with synthetic air, the resistance of the layers increased and resembled nearly its initial value. Similar to the PEC activity, with reference to the blank TiO 2 nanotube layers, layers with thicker ZnO coatings have shown stronger improvement for ethanol sensing response. For sensing response measured at 100 C, a minor enhancement was observed for 0.19 nm thick ZnO and a double C, as compared to the same coating thicknesses at 100 C. Furthermore, the response and recovery time upon exposure and removal of ethanol vapor were shorter for ZnO coatings !1.9 nm, and the change in resistance was inclined toward saturation after a shorter time.
ZnO (19 nm) coated TiO 2 nanotube layer was further explored for its sensing response, repeatability, and stability. Figure 7a presents its different responsive behavior at two sensing temperatures. As discussed earlier, at 200 C, the sharkfin behavior was flattened and more prone to saturation. This implies that the ZnO coated TiO 2 nanotube layer rapidly responded to the ethanol gas and the sensitivity was enhanced 3 times compared to that at 100 C. Figure 7b shows that the sensing response also changed with changing ethanol concentrations, when the layer was continuously exposed to different ethanol concentrations from 480 to 1170 ppm. The layer was capable of detecting a smaller amount of ethanol at 480 ppm, and for the subsequent increment from 810 to 1170 ppm, the increment in response was almost linear. When ethanol concentration was reduced, the response was reduced accordingly. This shows that the ZnO coated TiO 2 nanotube layer is sensitive toward the change of concentration, with an advantage to carry out calibration for detection of a range of ethanol concentrations. Lastly, the reproducibility for 1170 ppm ethanol at 200 C was tested, as shown in Figure 7c and d. A high stability and repeatability for continuous measurement over ten identical test cycles were demonstrated with almost no deterioration in response. The same layer has exhibited excellent durability under long hour exposure to ethanol. We also note that for the case of 1170 ppm in Figure 7b and d, the maximum R O /R g ratio is consistently 0.7 AE 0.05. These observations support the ZnO coated TiO 2 nanotube layer to be a robust and stable gas sensor.
In order to discuss the sensing response of the presented heterostructures, one has to keep in mind that the operation of metal oxide semiconductor gas sensors is usually based on the alteration of its electrical resistance upon exposure to a targeted gas. The change of resistance occurs, when there is an interaction between active species on the structure surface and the gas molecules. The sensing mechanism of the ZnO coated TiO 2 nanotube layers follows the surface depletion model. [54] [55] [56] Under an atmospheric ambient, the initial resistance of the ZnO coated TiO 2 nanotube layers is high because the oxygen molecules are adsorbed on the structure surface and form chemisorbed oxygen species (O 2 -for <150 C; O -, and O 2-for !150 C) by capturing electrons from the conduction band. [16, 36, 57] The adsorbed oxygen species then deplete the surface electron states and reduce the carrier concentration, hence create a surface charge depletion layer at the surface of ZnO. When the samples are exposed to ethanol vapor, reactions occur between the ethanol molecules and adsorbed oxygen species. The trapped electrons are transferred from ethanol to the sensor by the adsorbed oxygen species, which serves as an electron bridge. As a result, the electrons are released back to the conduction band, resulting in an increase in carrier concentration, decrease in depletion width and hence the overall resistance is decreased. [36, 58, 59] Similar to the enhancement of PEC activity, the improvement in sensing response of TiO 2 nanotube layers with increased thickness of ZnO coatings again can be ascribed to two major factors, one from the heterojunction effect, and the other from the ZnO coatings.
Firstly, at the interface between the ZnO and TiO 2 , an n-n heterojunction is formed, as shown in Figure 4a . The work function of ZnO is higher than that of TiO 2 , thus, electrons from the conduction band of ZnO are transferred to TiO 2.
[35] The migration of electrons to align the two Fermi levels resulting in an energy barrier, which creates depletion and accumulation layers at the interface, causes the band bending between ZnO and TiO 2 , [16, 57] shown in Figure 4b . The adsorption of oxygen (discussed earlier) and formation of negatively charged ions results in upward bending of ZnO. When the adsorbed oxygen species react with ethanol and release electrons, the energy barrier is decreased. The resistance of the heterojunction, R, is proportional to the energy barrier, qϕ, in Equation 1:
where k is the Boltzmann constant and T is the temperature. The decrease in heterojunction energy barrier narrows the depletion and accumulation layer width. Under such condition, the electrons are able to cross the energy barrier to the accumulation region in TiO 2 . Moreover, the applied potential further drives the electrons from the accumulation region of TiO 2 toward Ti, resulting in a huge increase in the overall conductivity. Upon removal of ethanol, the increase in energy barrier height widens the depletion region, hence the electrons are confined and increased resistance is recorded. In addition, the heterojunction serves as additional active sites for ethanol adsorption, as well as the reaction of ethanol with surface-adsorbed oxygen ions for improved sensing responses. [57] As blank TiO 2 contains more oxygen defects than ZnO, it has a stronger oxygen adsorption. [60] For acidic metal oxide TiO 2 , dehydration of ethanol is the dominant process with limited dehydrogenation activity, whereas ZnO is an amphoteric metal oxide, known as better catalyst with higher dehydrogenation activity, which is preferable for sensing purpose. [59, 61] Combined metal oxides usually demonstrate higher activity and better selectivity than their single metal oxide counterparts. [61] Enhanced response toward ethanol has been achieved through integrating two metal oxides, for example, for SnO 2 -ZnO, SnO 2 -TiO 2 , CuO-ZnO, and WO 3 -ZnO structures. [16, [62] [63] [64] Similarly, for the ZnO and TiO 2 heterostructure, adsorption of rich oxygen species and synergistic catalytic breakdown of ethanol occurred, [64] specifically when sufficiently thick ZnO coatings were added to TiO 2 nanotube layers, that is, 7.6 and 19 nm in thickness. Even these thickest coatings in this work did not inhibit the TiO 2 nanotubes layer underneath from adsorbing ethanol and participating in the sensing reaction. Park et al. reported 15 nm ZnO coatings on TiO 2 nanorods, [36] whereas Tharsika et al. utilized 20 nm ZnO coating on SnO 2 nanowires, [65] both core and shell layers worked perfectly well for ethanol detection.
For the ZnO coatings, such layers provide more active sites for ethanol adsorption and desorption, which increase the reaction rate between ethanol and surface oxygen species. [66] Based on Figure 7a , it is evident that the sensing response curve of the blank and ZnO (0.19 nm) coated TiO 2 nanotube layers approaches saturation after a certain period. For thicker ZnO coatings, the response curves feature a shark-fin behavior with no trace of saturation after 10 min of exposure to ethanol. This implies that the sensors offer more active reaction sites and adsorbed oxygen species to capture more electrons from ethanol. Due to the unsaturated reaction sites, shorter response and recovery time are registered for the ZnO coated TiO 2 nanotube layers, compared to the blank nanotube layers. [64] This deduction is substantiated by the sensing response at 200 C (Figure 7b ), where the available active reaction sites of the heterostructure are more readily utilized for the interactions with electrons from ethanol, which rendered saturation response. Moreover, elevated sensing temperature initiates higher dehydrogenation rate of ethanol, and enables the formation of specific type of adsorbed oxygen species, that is, O -and O 2-to release the adsorbed electrons. [57] All in all, these factors intensify the sensitivity and reduce the response time at 200 C. In the earlier part, we discussed that the charge depletion layer is created at the ZnO outer surface by the oxygen species. For a nanotubular polycrystalline structure, the sensitivity is affected by the wall thickness of the structure. When such thickness is in the range of the electron depletion layer or Debye length, given in Equation 2, [67] the sensitivity is maximized. [37, 62] L
In Equation 2, e is the static dielectric constant of ZnO, q is the electron charge, N c is the carrier concentration of ZnO, k B is the Boltzmann's constant, T is the absolute temperature, and L D is strongly dependent on the operation temperature and carrier concentration. Most of the reported gas sensing works were operating at temperatures above 250 C and the Debye length was estimated to be 20-35 nm. [37, 68] Therefore, we believe that for 100-200 C, the Debye length is closer to the lower values in the estimation range.
In this case, ALD ZnO coated TiO 2 nanotube layers offer ultrathin coatings between 0.19 and 19 nm, which is smaller but close to the average estimated Debye length. Therefore, it is possible that the coatings created by ZnO grains for 7.6 and 19 nm thick coatings which are in the range of Debye length, are fully depleted and therefore show a tremendous improvement in the sensing response.
Conclusion
We reported on ALD thin ZnO coatings within anodic 1D TiO 2 nanotube layers with superior PEC activity and strongly enhanced ethanol sensing response. An improved performance was observed with the increase of ZnO coating thickness for both applications. In combination with externally applied potential, a more than 20 nm redshift in the photoresponse, closer to the visible spectral region was observed. For ZnO coated (19 nm) TiO 2 nanotube layers, up to 8-fold enhancement in photocurrent density, and IPCE of 80-95% between 305 and 375 nm were obtained under an external potential of 2 V, which are the highest values ever reported. The ZnO coatings TiO 2 nanotube layers have demonstrated enhanced sensitivity for ethanol detection at low temperature. At 200 C, 11-fold enhancement ethanol of sensing response was attained for 1930 ppm ethanol vapor. The additional ZnO coatings act as follows: (i) provide more active sites for ethanol adsorption and desorption, (ii) possess higher dehydrogenation activity than TiO 2 , (iii) enhance the sensing response due to their almost full depletion. As for the ZnO/TiO 2 hybrid structure, additional interface was formed at the heterojunction that (i) facilitates the charge carrier separation and a smooth charge transfer and (ii) creates synergistic catalytic breakdown of ethanol. Altogether, the ZnO coated TiO 2 nanotube layer demonstrated higher sensitivity, shorter response and recovery time, as well as outstanding stability and reproducibility. The present results show that the additional thin ALD ZnO coatings within anodic 1D TiO 2 nanotube layers open up new perspectives on utilization of these highly ordered nanotubular scaffolds. This novel 1D heterostructure bears potential especially for the light-assisted applications (including photocatalytic degradation of organic dyes, solar cells), as well as various gas and chemical sensors with low operational temperature. Such heterostructure is specific for 1D nanotubular layers and cannot be achieved with nanoparticulate or mesoporous layers, for example.
Experimental Section
Synthesis of Self-Organized TiO 2 Nanotube Layers: Titanium (Ti) foils were anodized in ethylene glycol based electrolyte containing 10% water and 0.15 M NH 4 F, 100 V at room temperature using a high-voltage potentiostat (PGU-200V, IPS Elektroniklabor GmbH) to fabricate TiO 2 nanotube layers of thicknesses %5 μm and inner diameters %230 nm. [46] Subsequently, the TiO 2 nanotube layers were annealed at 400 C, to obtain crystalline nanotube layers in anatase phase which improves their electrical conductivity.
[69]
Synthesis of Reference TiO 2 Mesoporous Layers: Reference TiO 2 mesoporous layers were prepared from Ti Nanoxide T/SP paste (Solaronix) by spin coating on pre-annealed Ti substrates at 400 C for 1 h (Ti with thermal oxide on the top) using spin speed 6000 rpm for 30 s. As-deposited samples were dried at 60 C for 2 h and finally annealed at 400 C for 1 h in a muffle furnace. The total thickness was approximately 5 μm which is comparable to the thickness of TiO 2 nanotube layers.
ALD ZnO Coatings: In the next step, the TiO 2 nanotube and mesoporous layers were coated by ZnO thin films using atomic layer deposition (TFS200, Beneq). The Diethyl zinc (DEZ) (electronic grade 99.9998%, Strem) and Millipore deionized water (18 MΩ) were used as the zinc precursor and the oxygen source, respectively, both used at temperature of 20 C. High purity nitrogen (99.9999%) was the carrier and purging gas at a flow rate of 400 standard cubic centimeters minute (sccm). Under these deposition conditions, one growth ALD cycle was defined by the following sequence: DEZ pulse (500 ms)-N 2 purge (4 s)-H 2 O pulse (500 ms)-N 2 purge (5 s). The TiO 2 nanotube layers were coated by applying a different number of cycles (1, 10, 40, and 100), which led to ZnO coating nominal thicknesses of 0.19, 1.9, 7.6, and 19 nm, respectively, as examined by ellipsometric measurements carried out on ZnO thin layers deposited on Si wafers, using variable angle spectroscopic ellipsometry (using VASE 1 ellipsometer, J.A. Woollam, Co., Inc.). All deposition processes were carried out at 200 C. The ALD process was carried out according to the optimal conditions from the literature. [47, 70] Characterizations: The morphology of the blank and ZnO coated TiO 2 nanotube layers was characterized by a field-emission scanning electron microscope (SEM, JEOL JSM 7500F) and a scanning transmission electron microscope (STEM, FEI Tecnai F20 X-Twin) fitted with a high angle annular dark field (HAADF) detector, operated at 200 kV. The crosssectional views were obtained from fractured samples subjected to mechanical bending. Dimensions of the blank and ZnO (100 ALD cycles) coated TiO 2 nanotube layers were measured and statistically evaluated using proprietary Nanomeasure software. Average values and standard deviations were calculated from at least three different locations with a high number of measurements (n>100). X-ray diffraction analyses (XRD) of the ZnO coated TiO 2 nanotube layers was carried out using X-ray diffractometer (D8 Advance, Bruker AXE) using Cu Kα radiation with secondary graphite monochromator and Na(Tl)I scintillation detector. Diffuse reflectance spectra were recorded from spectral range 250-900 nm by UV/VIS/NIR spectrophotometer (Jasco V-570) equipped with an integrating sphere (Jasco ISN-470).
Photoelectrochemical (PEC) Measurements: The photocurrent measurements were carried out in an aqueous electrolyte containing 0.1 M Na 2 SO 4 employing a photoelectric spectrophotometer (Instytut Fotonowy) connected with the modular electrochemical system AUTOLAB (PGSTAT 204 Metrohm Autolab B.V.) operated with Nova 1.10 software. A threeelectrode cell with a flat quartz window was employed with a Ag/AgCl reference electrode, a Pt wire counter electrode and TiO 2 nanotube, or mesoporous layers as working electrode, pressed against an O-ring of the electrochemical cell leading to an irradiated sample area of 0.28 cm 2 . Monochromatic light was provided by a 150 W Xe lamp. The photocurrents were measured in the potential range from 0.4 V to 2 V versus Ag/AgCl (3 M KCl) with 0.4 V step in the spectral region from 305 to 500 nm with 5 nm step. The photo-transients were measured for 10 s.
Gas Sensing Measurements: The ethanol sensing response was evaluated in a gas test system (see Figure S3 (Supporting Information)) that consisted of a gas cylinder filled with synthetic air, three mass flow controllers (Sierra Instruments), two glass vessels (the first with deionized water, the second with 10 ml of liquid ethanol), a test chamber, and a source-meter unit (SMU) KEITHLEY 2612B connected to a PC. Residual humidity from liquid ethanol (!99.8%) was removed by using a molecular sieve. Afterwards, it was bubbled by synthetic air (flow rate 2.4, 7.9, 11.8, 15.8, and 30 ml min À1 ) in order to prepare ethanol vapors, which were subsequently mixed with humidified synthetic air to achieve a particular concentration of gaseous ethanol (480, 810, 1020, 1170, and 1930 ppm, respectively), with defined humidity (60%) and a total flow rate (1400 ml min À1 ). All levels of concentration were calculated based on weight loss of liquid ethanol and correctness of the calculation was verified by a commercial ethanol gas sensor TGS 2620 (FIGARO). Tested samples were placed in the test chamber on a heating element, the temperature of which was kept at 100 or 200 C within the whole experiment. The electrical resistance was measured by means of four-wire method (test current equaled 15 μA) every other second. The response of the sensor was defined as R O /R g , where R O and R g were the initial electrical resistance in air and the electrical resistance when targeted gas was applied, respectively.
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